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Propagation of gene-expression patterns through
the cell cycle requires the existence of an epigenetic
mark that re-establishes the chromatin architecture
of the parental cell in the daughter cells. We devised
assays to determine which potential epigenetic
marks associate with epigenetic maintenance
elements during DNA replication in Drosophila
embryos. Histone H3 trimethylated at lysines 4 or
27 is present during transcription but, surprisingly,
is replaced by nonmethylated H3 following DNA
replication. Methylated H3 is detected on DNA only
in nuclei not in S phase. In contrast, the TrxG and
PcG proteins Trithorax and Enhancer-of-Zeste,
which are H3K4 and H3K27 methylases, and Poly-
comb continuously associate with their response
elements on the newly replicated DNA. We suggest
that histone modification enzymes may re-establish
the histone code on newly assembled unmethylated
histones and thus may act as epigenetic marks.INTRODUCTION
Epigenetic inheritance requires the existence of a molecule,
termed an epigenetic mark, that identifies the transcriptional
status of a gene, that is stable to DNA replication, and that
re-establishes the expression pattern (Brown, 1984). The fact
that transcription occurs in both G1 and G2 suggests that epige-
netic marks are necessary in both G1 and G2 and have to be
stably transmitted through DNA replication and mitosis, respec-
tively. Here, we examine only marks established in G2, as early
Drosophila embryos lack G1. During DNA replication, chromatin
structure throughout the genome is reorganized as a conse-
quence of the passage of the replication fork (RF) and/or
progression of the DNA polymerase complex (Corpet and
Almouzni, 2009). Any epigenetic mark must be stable to replica-
tion or rapidly recruited to nascent DNA, and parental levels of
the mark must be re-established in each daughter cell. DNA922 Cell 150, 922–933, August 31, 2012 ª2012 Elsevier Inc.methylation provides the best example of an epigenetic mark
that meets these criteria (Sharif et al., 2007).
The proliferating cell nuclear antigen (PCNA) protein acts as
a platform to recruit DNA polymerase and many other proteins
to the single-stranded DNA (ssDNA) located downstream of
the RF and acts as a processivity factor for the DNA polymerase
(reviewed in Moldovan et al., 2007). PCNA is stably associated
with DNA on both leading and lagging strands (see Figure 3A).
Despite our increasing knowledge of DNA-replication-coupled
events, it has been difficult to establish the order and timing of
recruitment of proteins and modified histones to nascent DNA
in vivo at specific sequences because methods with sufficient
sensitivity have not been available.
The best-studied proteins required for maintenance of gene-
expression patterns are chromatin proteins of the Trithorax
and Polycomb groups (TrxG and PcG). TrxG and PcG proteins
are associated with complex DNA elements termed Trithorax
and Polycomb response elements (TREs and PREs) (reviewed
in Mu¨ller and Kassis, 2006; Ringrose and Paro, 2007). In this
study, we examine elements that combine both TREs and
PREs, and we will call them maintenance elements (MEs). The
TrxG protein Trithorax (Trx) is a histone methyltransferase
(HMT) that trimethylates H3K4 (Smith et al., 2004; Petruk et al.,
2006). The PcG protein Enhancer-of-Zeste, E(z), is also an
HMT that trimethylates H3K27 (Cao et al., 2002; Czermin et al.,
2002; Mu¨ller et al., 2002).
TrxG and PcG proteins are attractive candidates to be the
epigenetic marks required for maintenance, consistent with
observations that PcG proteins of the PRC1 complex are stable
to DNA replication in vitro (Francis et al., 2009). If the HMTs E(z)
and Trx were stable to passage of the RF and DNA polymerase,
they could methylate newly synthesized histones to re-establish
the parental pattern of histone modifications on nascent DNA.
Consistent with this model, Set8, an H4K20 monomethylase, is
targeted to RFs through a direct interaction with PCNA (Huen
et al., 2008), and a complex containing SetDB1-MBD1-CAF-1
that trimethylates H3K9 is recruited by hemimethylated DNA
(Sarraf and Stancheva, 2004).
An attractive alternative model is based on observations that
parental histones are transferred randomly to nascent DNA
(Jackson and Chalkley, 1985). To ensure that the daughter
Figure 1. Methylated Histones Are Weakly
Associated with Replicating Nuclei
(A and B) Double-immunostaining of Drosophila
embryos was performed with indicated antibodies
against PCNA (green) and H4K5Ac, H3K4me3,
H3K27me3, and antibody to unmodified N ter-
minus (aa 1–20) of histone H3. Nuclei were stained
with DAPI. (A) Cellular blastoderm; (B) early gas-
trulating Drosophila embryos. See also Figure S1.
(C) Quantification by western blotting of H3K4me3
and H3K27me3 in the cellular blastoderm and
gastrulating embryos.
(D) Schematic diagram showing the length of
the cell-cycle phases in mid-staged Drosophila
embryos (adopted from Shermoen et al., 2010).
(E) Gastrulating embryos were labeled with EdU
for 10 min and immunostained for EdU (green) and
for H3K4me3 or H3K27me3 (red). Red arrows
indicate early replicating nuclei, and green arrows
indicate late replicating nuclei as described in
Shermoen et al. (2010).
(F) Gastrulating embryos were pulse-labeled with
EdU for 10 min and kept for 120 min prior to
fixation. Embryos were immunostained for EdU
(green) and for H3K4me3 or H3K27me3 (red).DNA has the correct nucleosome content, newly synthesized
unmodified histones must also be deposited on nascent
DNA. It is proposed that posttranslationally modified parental
histones are transferred immediately to nascent DNA during
DNA replication (Corpet and Almouzni, 2009) and recruit
the appropriate HMTs or other histone-modifying TrxG and
PcG proteins (Chang et al., 2010; Hansen et al., 2008),
which will then restore the pattern of parental modifications
to the newly synthesized histones. Thus, modified histones,
especially those carrying H3K27me3 and H3K4me3 established
by E(z) and Trx, respectively, could be epigenetic marks
(Ng and Gurdon, 2008). Hansen et al. (2008) showed in mam-
malian cells that H3K27me3 recruits the PRC2 complex to
repress transcription and proposed that H3K27me3 was an
epigenetic mark.
If trimethylation of histone H3 is an epigenetic mark, then one
would predict that these modifications would be detected
shortly after DNA replication. To our knowledge, no one has
determined how soon after DNA replication H3K4me3 or
H3K27me3 modifications can be detected on nascent DNA
in vivo. A recent study demonstrates that PcG and methylated
H3 are enriched at PREs in early S phase prior to their replication.
In late S phase, when PREs are replicated, the amount of meth-
ylated H3K7 drops (Lanzuolo et al., 2011).Cell 150, 922–933In this work, we developed assays to
assess which proteins or modified his-
tones are candidates to be the epigenetic
mark in early Drosophila embryos. In all
assays, parental trimethylated H3K4 and
H3K27 are replaced by the unmethylated
histone H3 downstream of the DNA poly-
merase. In contrast, Trx, Pc, and E(z)
remain associated with DNA followingthe passage of the DNA polymerase. These data suggest that
HMTs and other TrxG or PcG proteins may be epigenetic marks,
but that H3K4me3 and H3K27me3 are unlikely to be epigenetic
marks at this stage of Drosophila development.
RESULTS
Differential Localization of Modified Histones
in Replicating Cells In Vivo
We examined whether the distribution of modified histones is
changed during the cell cycle inDrosophila embryos. Acetylation
of H4 at K5 (H4K5Ac) correlates with DNA replication (Corpet
and Almouzni, 2009). As expected, H4K5Ac colocalizes with
DAPI and PCNA staining at all examined embryonic stages
starting from syncytial blastoderm (Figures 1A and 1B and
not shown) and to both the S phase and mitotic nuclei in
gastrulating embryos (Figure 1B). We also examined the
H3K4me3 and H3K27me3 modifications required for gene acti-
vation and silencing. Antibodies to H3K27me3 and H3K4me3
do not recognize the corresponding mono- and dimethylated
forms of H3 (Figure S1A available online). None of these anti-
bodies show any significant cross-reactivity (Figure S1B). We
also used antibody that was generated against the first 20
N-terminal amino acids of the unmodified H3 (Figures 1A, August 31, 2012 ª2012 Elsevier Inc. 923
Figure 2. Trx, Pc, and E(z) Transiently Inter-
act with PCNA
(A) Top panel, PLA signals between PCNA anti-
body and antibodies indicated on the top. Bottom,
DAPI staining on the same embryos. Photos are
taken at 203 magnification. See also Figure S1.
(B) 1003 magnification of the embryos from the
same experiments. PLA signals are in red, PCNA is
in green. DAPI is shown at the bottom.and 1B). This antibody binds the N-terminal peptide of H3, the
recombinant H3, and H3 from acid-acid purified histones
(Figures S1B and S1C).
Unmodified H3 was detected in the blastoderm embryos
(Figure 1A) and mostly in the replicating cells of the gastrulating
embryo (Figure 1B). Interestingly, there is very little H3K4me3
and H3K27me3 at the cellular blastoderm (Figures 1A and
1C), suggesting that these posttranslational modifications
(PTMs) of histone H3 may not be essential for DNA replication
in very early embryos. During gastrulation, both methylated
forms of H3 are found predominantly in nuclei that do not
contain PCNA (Figure 1B). To confirm this observation, we
analyzed distribution of histones in embryos that were labeled
for 10 min with EdU. Widespread foci and restricted patterns
of EdU incorporation in nuclei correspond to early and late
S phase, respectively (Shermoen et al., 2010). Figure 1E shows
that whereas small amounts of methylated H3 forms are de-
tected during gastrulation in the early S phase nuclei (red
arrows), these proteins are not detected in the late S phase
nuclei (green arrows), in agreement with Lanzuolo et al.
(2011), who detected a decrease of H3K27me3 in the late
S phase of cell lines. Pulse-labeling with EdU for 10 min
followed by chase for 120 min ensures that all labeled nuclei
transit to the G2 phase (see Figure 1D for a scheme of the cell
cycle in early embryos). In these embryos, we observed very
significant colocalization of trimethylated H3K4 and H3K27
with labeled DNA (Figure 1F).
These results show that at these embryonic stages, different
histone PTMs are present at different stages of the cell cycle,
and that H3K4me3 and H3K27me3 forms are present in low
amounts on replicating DNA, especially at late stages of the
S phase. These results support the model that H4K5Ac is
required for histone deposition on nascent DNA and suggest
that unmodified H3 but not methylated H3 forms are associated
with the newly replicated bulk DNA. Instead, methylated H3
mostly accumulates in the transcriptional G2 phase and in
mitosis. This result suggests that at these embryonic stages,
methylated H3 forms may not have a role in epigenetic inheri-
tance in Drosophila.924 Cell 150, 922–933, August 31, 2012 ª2012 Elsevier Inc.Identification of Proteins in Close
Proximity to the DNA Replication
Complex
Any protein that is near the RF will be
close to PCNA in vivo. We used the prox-
imity ligation assay (PLA, Olink Biosci-
ence) to identify which proteins or histone
PTMs associate with PCNA in vivo. In thePLA assay, antibodies to the proteins or PTMs of interest made
from different species are detected with secondary antibodies
linked to oligonucleotides that form a closed circle after addition
and ligation of complementary linkers. Rolling circle amplifica-
tion in the presence of fluorescently labeled oligonucleotides
generates a fluorescent signal if the proteins are in close prox-
imity. The sensitivity of the PLA makes it possible to identify
single-molecule interactions in vivo. Embryos were counter-
stained with antibodies to PCNA to detect nuclei in S phase.
The control experiments show very low background with all anti-
bodies used in PLA assays (Figure S2).
Trx and Pc proteins are detected early in embryogenesis. If
PcG proteins are stable to DNA replication (Francis et al.,
2009), then Pc, E(z), and perhaps Trx proteins could colocalize
with PCNA in vivo. As shown in Figures 2A and 2B, Trx, Pc,
and E(z) are clearly detected in PLA assays with PCNA in gastru-
lating embryos in replicating nuclei. These results suggest that
Trx, Pc, and E(z) are either in close proximity to or directly
interact with PCNA at the replicating DNA polymerase complex.
The unmodified H3 tail and H4K5Ac also associate with PCNA,
consistent with deposition of de novo-synthesized histones
(Figures 2A and 2B). Surprisingly, trimethylated H3K27 and
H3K4 are not detected in PLA experiments with PCNA (Figures
2A and 2B). These results strongly suggest that methylated
histones are not in close contact with replication machinery
and are not transferred to nascent DNA soon after DNA replica-
tion. Interestingly, we easily detect association of PCNA and
CAF-1 in these assays (Figures 2A and 2B), suggesting that
whereas CAF-1 is likely to load H3 with an unmodified amino
tail, it is unlikely to load histones H3K4me3 and H3K27me3 on
nascent DNA as proposed (Corpet and Almouzni, 2009).
Together, these results support the results in Figure 1.
PCNA Immunoprecipitates Short DNA Fragments
behind the RF
To determine which proteins or PTMs are retained on DNA
during DNA replication, we developed a sequential chromatin
immunoprecipitation (re-ChIP) in Drosophila embryos. For
most experiments, we used immunoprecipitation (IP) with
Figure 3. The Size and Composition of the Replicating DNA Frag-
ments
(A) Schematic diagram showing location of parental dsDNA (two black lines),
parental ssDNA (one black line), and replicated nascent DNA (one red and onePCNA as a marker for replicating DNA. To interpret the re-ChIP
experiments, it is essential to know the size of DNA that is immu-
noprecipitated with PCNA and to show that parental chromatin is
not present (see model in Figure 3A). First, we developed a
method to allow us to estimate the relative abundance of
amplicons obtained from immunoprecipitated DNA fragments
when sample was limiting. We used quantitative PCR (qPCR)
with fixed central and flanking primers within the core of the
well-established ME in the bxd region of the homeotic gene
Ubx (Figure 3B). To account for differences in amplification
frequency between different primer pairs, we determined the
relative amplification frequency for each primer pair on genomic
DNA (Figure 3C) and used this information to normalize the data
reported in Figures 3D, 3E, and 3G (details are provided in the
Extended Experimental Procedures). As shown, after sonication,
DNA fragments of about 200 bp or less are represented more
frequently than fragments of greater than 200 bp (Figure 3D),
as expected from the results of Schwartz et al. (2005), who
showed the this region is sensitive to sonication. We next deter-
mined the relative abundance of amplified DNA following ChIP
with antibodies to PCNA, and we found that the ratio between
DNA fragments that are larger and smaller that 200 bp is approx-
imately 30% and 70%, respectively (Figure 3E).
Any PCNA-immunoprecipitated DNA fragment that contains
parental and nascent DNA will also contain ssDNA between
the parental and nascent regions of double-stranded DNA
(dsDNA) (Figure 3A). Therefore treatment of such fragments
with S1 nuclease will cleave these fragments into two smaller
pieces and thus increase the relative frequency of short frag-
ments in our assay. We digested PCNA-immunoprecipitated
DNA with an amount of S1 nuclease that is sufficient to
completely digest a large quantity of the carrier ssDNA (Fig-
ure 3F). Digestion with S1 nuclease does not significantly affect
the lengths of the PCNA-immunoprecipitated DNA fragments
from the ME (Figure 3G). Therefore, ssDNA is not present in
PCNA-precipitated DNA, showing that there is no parental
DNA present. Similar results were obtained with other MEblack line) and the replication fork (RF). The directions of travel of the RF and of
the DNA polymerase complexes on the leading and lagging strands (PCNA is
indicated as a torus, and the polymerase as a tear drop) are indicated.
(B) Map of the bxd ME region tested. The primer sets are indicated below the
map. Fixed primers in the center are boxed in red.
(C) The relative efficiency of primer sets on genomic DNA. The raw data in (D),
(E), and (G) were normalized by multiplying the reciprocal of the efficiencies of
amplification for each primer pair relative to primer pair 6. Data are represented
as mean ± standard error of the mean (SEM).
(D) The relative abundance of sonicated DNA amplified in PCR using the primer
sets in shown in (B). Data are represented as mean ± SEM.
(E) The relative abundance of DNA fragments immunoprecipitated with PCNA
following sonication that amplifies in PCR reactions. Below the graph is shown
the percentage of the population of amplified fragments, determined after
correcting for overlap. Data are represented as mean ± SEM.
(F) Carrier ssDNA (0.5 mg) was digested with 0, 1.5, and 15 units of S1 nuclease
to determine the titer necessary for complete digestion. Data are represented
as mean ± SEM.
(G) The relative abundance of DNA immunoprecipitated with PCNA and
digested with 0, 1.5, and 15 units of S1 nuclease. 0.5 mg of carrier ssDNA was
added to each reaction. The experiments were performed at least three times.
Data are represented as mean ± SEM.
Cell 150, 922–933, August 31, 2012 ª2012 Elsevier Inc. 925
regions (not shown). These results imply that DNA breaks at or
near the ss/dsDNA border during sonication. Therefore, any
DNA fragments recovered after IP with PCNA must come from
dsDNA from immediately after progression of the RF (see model
in Figure 3A). The re-ChIP experiments do not distinguish
between proteins that are stably associated with DNA during
replication or rapidly re-recruited to nascent DNA, so we will
use ‘‘stably associated’’ to include either possibility.
Histones Are Associated with DNA behind the RF
Nucleosomes associate with nascent DNA shortly after passage
of the RF (Kriegstein and Hogness, 1974). Sequential ChIP of
newly synthesized DNA provided the opportunity to determine
the modification status of histones on nascent DNA near the
DNA polymerase complex. In these and subsequent experi-
ments, we used fixed chromatin prepared from 1 ml of embryos
2–15 hr after egg lay (AEL), which is 200 times more than usually
used for ChIP experiments. The second IP used the same
amount of starting material as regular ChIP (Figure S3), consis-
tent with the yield from the PCNA IP being 0.5% of the starting
material (see Figure 5A). All ChIP and re-ChIP experiments
were performed with the same batches of antibodies using the
same sonicated chromatin. Thus, the ratios between the values
for different proteins in these linkedChIP/re-ChIP assays provide
a true comparison of the relative amounts of these proteins in the
bulk and replicating DNA.
For these experiments, we chose four DNA regions that
contain MEs: three regions of the BX-C, bxd, iab-7, and iab-9,
and a known ME region of the Engrailed (En) gene. Figure 4A
indicates known functional elements in these MEs (see legend).
Based on the results of our ChIP assays (Figure 4A), we chose for
further analysis one primer set that shows the highest levels of
Trx, Pc, and E(z) in these ME sequences. These regions contain
somewhat lower amounts of histones compared to flanking
regions (Figure 4A), consistent with rapid histone turnover
observed for epigenetic elements (Deal et al., 2010), but we
readily detect enough histone for reliable analysis. We also
included as controls for cross-reaction of the antibodies two
regions, C1 (located +39 kb to the Dpr12 gene) and C2 (located
7 kb upstream of the bxd PRE in the BX-C), that do not bind TrxG
and PcG proteins (see Figure 5A below).
We first used polyclonal antibodies that were generated
against the large unmodified portions of histones H3 and H2B
and that would recognize major forms of these histones, with
the IgG antibody as a negative control in conventional ChIP
assays. We found that as expected, H3 and H2B are associated
with all tested regions of DNA (Figure 4B, top panel). We also
detected both histones H3 and H2B in all tested regions in the
re-ChIP assays using PCNA in the first IP step (Figure 4B, bottom
panel). Thus, histone components of both H2A-H2B and H3-H4
dimers are detected immediately after the passage of the RF.
Association of Modified Histones with Replicating
Chromatin
Developing Drosophila embryos contain a mixture of cells in
which different BX-C genes and En are either activated by
TrxG proteins or repressed by PcG proteins. Therefore, both
silencing and activating PTMs as well as TrxG and PcG proteins926 Cell 150, 922–933, August 31, 2012 ª2012 Elsevier Inc.can be detected in the same ChIP experiments. Consistent with
this, both H3K4me3 and H3K27me3 were detected in ChIP
experiments in bulk chromatin at all four tested MEs and in the
C2 region (Figure 4C, top panel). The C1 control region contains
lower amounts of these H3 forms and may be transcriptionally
inert. In bulk chromatin, antibody to the N terminus of unmodified
H3 failed to detect this histone form at any tested DNA region
(Figure 4C, top panel). In ChIP experiments, H4K5Ac was de-
tected in all tested DNA regions (Figure 4C, top panel).
H4K5Ac, as well as other acetylated histones, is required for
deposition of histones by chaperones on nascent DNA and
therefore should be detected in our re-ChIP experiments with
PCNA. As expected, H4K5Ac was detected in all regions where
it was initially detected by conventional ChIP (Figure 4C, bottom
panel). Unexpectedly, in re-ChIP experiments, we did not detect
H3K4me3 and H3K27me3 in any tested DNA region (Figure 4C,
bottom panel). This is not caused by the low affinity of these
antibodies when small amounts of chromatin are used, as we
detect total H3, H3K4me3, and H3K27me3 equally well with
comparable amounts of chromatin in ChIP assays (Figure S4).
These results suggest that these parental-modified histones
are not recruited quickly to nascent DNA after the passage of
the approaching DNA polymerase complex.
However, we detected H3 with an unmodified N terminus in all
DNA regions that were immunoprecipitated with PCNA. Because
H3 antibody was generated against the first 20 N-terminal amino
acids of histone H3, these results suggest that during DNA
synthesis, displaced H3K4me3 is replaced by H3 that is not
methylated at Lys4. No antibody to the unmethylated K27 region
of H3 is available, so we cannot determine directly whether H3
that is unmethylated on H3K4 also lacks K27 methylation. The
observation that H3K27 methylation is not seen in re-ChIP
suggests that the newly deposited H3 is not modified at either
K4 or K27, consistent with the PLA results above. We suggest
that progression of the RF is accompanied by the dissociation
of the methylated histone H3 forms, and that unmethylated H3
histone is rapidly recruited to nascent DNA. These results
confirm that contamination with parental chromatin does not
occur in our re-ChIP experiments because otherwise we would
detect trimethylated forms of H3. In reciprocal re-ChIP experi-
ments, we detected PCNA only in the material that was immun-
poprecipitated with antibody against the nonmethylated H3 tail.
No signals for PCNA were detected in the material that was
pulled down with antibodies against H3K4me3 and H3K27me3
(Figure S5). This key result shows that the re-ChIP experiments
are specific, and that the replicating chromatin is not contami-
nated with parental chromatin.
Trx, Pc, and E(z) Are Associated with Their MEs during
and following the Passage of the RF
Epigenetic proteins that create and recognize histone PTMs are
likely candidates for epigenetic marks. Therefore, we focused on
the TrxG and PcG proteins Trx and E(z), which are H3K4me3 and
H3K27me3HMTs, respectively, and the PcG protein Pc, which is
the component of the PcG PRC1 complex that recognizes the
silencing H3K27me3 mark. Trx, Pc, and E(z) were detected in
ChIP assays on bulk DNA at all four testedMEs and were not de-
tected in the C1 and C2 regions (Figures 4A and 5A). Importantly,
Figure 4. Methylated Histones H3 Are Replaced by Unmodified Histone H3 on Nascent DNA
(A) ChIP assays from chromatin prepared from 2–15 hr AEL embryos. Antibodies are indicated at the bottom. Locations of the primer sets within four tested TRE/
PRE sequences are shown in the schemes on the top of each graph. Mapped TRE and PRE sequences in the bxd region are shown in black (Tillib et al., 1999).
KnownDNase I hypersensitive sites in the bxd (Dellino et al., 2002) and iab-7 (Mishra et al., 2001) elements of the BX-C are shown in red.Mapped pairing-sensitive
regions in the En PRE are shown in green (Kassis, 1994). Primer sets in the iab-9 PRE are chosen based on data from Beisel et al. (2007). The central primer sets
(shown in red on themaps and as dark gray bars in the graphs) were used in all experiments in this and subsequent figures. Data are represented asmean ± SEM.
(B) Top: ChIP assays with IgG (black), H3 (purple), and H2B (maroon) antibodies from chromatin prepared from 2–15 hr AEL embryos. Bottom: Sequential re-ChIP
assays with chromatin prepared from 2–15 hr AEL embryos. Chromatin was immunoprecipitated with PCNA antibody, eluted, and precipitated with IgG, H3, and
H2B antibodies. Percent of input for re-ChIP experiments was calculated using as a standard thematerial eluted from the beads following IP with PCNA. See also
Figure S3. Coordinates of the primer sets to four MEs, bxd, iab-7, iab-9, en, and two non-ME regions, C1 and C2, are given in the Extended Experimental
Procedures. All ChIP and re-ChIP experiments in this paper were done at least in triplicate, and standard error bars are shown in these and subsequent figures.
Data are represented as mean ± SEM.
(C) Top: ChIP assays with IgG (black) and antibodies to unmodified N terminus of H3 (purple), H3K4me3 (maroon), H3K27me3 (light yellow), and H4K5Ac
(magenta) were performed on bulk chromatin prepared from 2–15 hr AEL embryos at six loci. Bottom: Sequential re-ChIP assays with PCNA in the first IP step,
with the same antibodies as in ChIP in the second IP step. Data are represented as mean ± SEM.
The same regions as in Figure 2 were tested in (A) and (B). See also Figure S4.
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Figure 5. Trx, Pc, and E(z) Are Specifically
Associated with Their MEs on Nascent
DNA from Embryos
(A) ChIP assays with IgG (black), Trx (purple), Pc
(maroon), E(z) (light yellow), and PCNA (blue)
antibodies from chromatin prepared from 2–15 hr
AEL embryos. The central primer sets shown in
Figure 4A were used. Data are represented as
mean ± SEM.
(B) Sequential re-ChIP assays with either IgG or
PCNA antibodies (indicated at the bottom) in the
first IP step and Trx, Pc, and E(z) antibodies in the
second IP step. Percent of input for re-ChIP
experiments was calculated using the amount of
material eluted from the beads following IP with
PCNA as 100% input. Data are represented as
mean ± SEM.
(C) Sequential re-ChIP assays with chromatin
prepared from 2–7 hr AEL embryos that were
labeled with BrdU for 20 min and for 20 min
followed by a pulse of 1.5 hr. Chromatin was first
immunoprecipitated with Trx, Pc, or IgG anti-
bodies. In the second step, DNA purified from the
resulting material was immunoprecipitated with
the BrdU antibody. Chromatin from unlabeled
embryos was used as a control. Because multiple
samples from the first step are shown on the same
graph, relative amounts are shown instead of the
percent of input, which is specific for each sample.
The percentages of input for BrdU IP from the Pc
and Trx samples in different regions range from
1% to 4%, respectively. Calculations used DNA
purified from the material following IP with Trx and
Pc antibodies as 100% input. Data are repre-
sented as mean ± SEM.in re-ChIP experiments with PCNA, all these proteins were de-
tected in all four MEs (Figure 5B). These results were confirmed
with a second PCNA antibody (not shown). We also used IgG
instead of PCNA for the first IP step, which was followed by IP
with Trx, Pc, or E(z) antibodies. As shown in Figure 5B, IP with
IgG does not result in detection of Trx, Pc, and E(z) at significant
levels. In bulk chromatin, we recovermore than 2%of input chro-
matin after IP with antibodies to H3K4me3 and H3K27me3,
which is approximately twice the recovery with antibodies to
Trx and Pc. However, in re-ChIP assays, we recover 3%–4%
of immunoprecipitated chromatin in the second IP step with anti-
bodies to Trx, Pc, and E(z), whereas H3K4me3 and H3K27me3
are recovered at background levels (Figures 4 and 5). These
results suggest that Trx, Pc, and E(z) remain associatedwith their
response elements during or immediately after the passage of
the DNA replication complex.
The PLA assays (Figure 2) detected Trx, Pc, and E(z) in close
proximity to PCNA, and re-ChIP assays confirm that these928 Cell 150, 922–933, August 31, 2012 ª2012 Elsevier Inc.proteins are found at their MEs on short
fragments of nascent DNA (Figure 5B).
Both assays use PCNA as a marker of
the vicinity of the RF. To determine
whether these proteins associate with
nascent DNA independent of PCNA, weemployed the re-ChIP assay with BrdU labeling of nascent
DNA that was introduced previously for cultured Drosophila
cells (Francis et al., 2009). To enhance the efficiency of labeling,
2–7 hr AEL embryos were mechanically disrupted prior to incu-
bation with BrdU. Chromatin from these embryos was immuno-
precipitated with antibodies against Trx and Pc. DNA purified
from this material was further immunoprecipitated with BrdU
antibody and analyzed by PCR. Figure 5C shows that Trx and
Pc are specifically associated with their MEs on long stretches
of nascent DNA labeled with BrdU for 20 min. The amounts of
these proteins increase approximately 2-fold following the
additional chase for 1.5 hr (Figure 5C), suggesting that the full
complement of these proteins is restored at the late stages
of the S phase or in the interphase. These results agree with
similar experiments in Drosophila S2 cells (Francis et al., 2009)
and show that Trx and Pc are associated with nascent DNA
long after the passage of the RF, and that this association is
independent of PCNA.
Figure 6. Chromatin Assembly on Nascent
DNA
(A) Schematic representation of the CAA. Incor-
porated EdU and conjugated biotin are shown as
red and purple circles on nascent DNA, respec-
tively. The assembled proteins are shown as
squares. Amplified PLA signal is shown in red.
(B) PLA signals between EdU and H4K5Ac (red).
The same embryo is immunostained for EdU
(green) after the PLA reaction to identify replicating
nuclei. The magnified merged image of the part of
this embryo is on the right.
(C) PLA signals in red resulting from CAA
between EdU and the histone proteins indicated
on the top. Gastrulating embryos were labeled
with EdU for 5 min. In (C)–(E), following the PLA
reaction, embryos were immunostained for EdU
(green).
(D) Pulse-chase CAA for H4K5Ac and unmodified
H3 tail. Gastrulating embryos were pulse-labeled
with EdU for 10min, washed extensively to remove
EdU, and kept for 0, 30, and 60 min prior to fixa-
tion. PLA signals in red between EdU and the
proteins indicated to the left.
(E) Pulse-chase CAA for methylated H3 forms (shown on the left). Experiments were performed as in (D).
(F) 2 hr pulse-chase CAA for methylated H3 forms. Following PLA reaction, embryos were immunostained for PCNA (green) to distinguish replicating nuclei.Trimethylated Histones H3 Are Not Associated with
Nascent DNA during S Phase
The re-ChIP experiments detect proteins associating with DNA
about 200 bp from the RF. To extend the re-ChIP results to assay
DNA further from the RF, we developed a technique that we
call the ‘‘Chromatin Assembly Assay’’ (CAA). Its design is
diagrammed in Figure 6A. Nascent DNA is labeled with EdU
and chemically conjugated with biotin. The biotin and protein
of interest are detected with appropriate antibodies, and the
PLA assay (Olink Bioscience) described above is used to
examine whether the protein of interest is associated with
nascent DNA labeled with EdU in vivo in a time- and tissue-
specific manner. Given a DNA replication rate of 30–50 bp s1,
5 min of EdU incorporation will detect at most 9–15 kb of DNA.
This method provides an overview of the events that occur in
many genomic locations and thus generalizes the results seen
by re-ChIP in specific DNA sequences. Figure 6B shows that
the signals from the CAA reaction between H4K5Ac required
for deposition of histones on nascent DNA and the EdU-labeled
DNA occur only in nuclei that are labeled with EdU, demon-
strating the specificity and low background of this reaction.
Using CAA, we addressed the timing of protein assembly on
nascent DNA in gastrulating Drosophila embryos. During gastru-
lation, the S phase is about 50 min and is followed by the G2
phases of variable lengths in different nuclei during cell cycles
14–16 (Shermoen et al., 2010) (Figure 1D). Association of
H4K5Ac and unmodified H3 tail with nascent DNA was detected
after 5 min of EdU incorporation. Interestingly, the number of
H4K5Ac CAA signals is significantly decreased after 30 min of
chase (Figure 6D), consistent with the previous data suggesting
that the amount of this histone form is decreased 20–60min after
DNA replication (Jackson et al., 1976). In contrast, H3K4me3 and
H3K27me3 were not detected after 5 min of EdU labeling (Fig-
ure 6C), consistent with the re-ChIP assays. These resultssuggest that methylated H3 is not present in the fully assembled
nucleosomes on nascent DNA that is several kb from the RF.
To understand when H3K4me3 and K3K27me3 modifications
appear on DNA following DNA replication, we performed pulse-
chase experiments after 10 min of EdU incorporation. H3K4me3
andH3K27me3were not detected in CAA assays at 0 and 30min
of chase (Figure 6E). However, they become detectable after 1 hr
of chase. The same results were obtained in later, post-cell-cycle
16 embryos (not shown). Interestingly, the number of signals of
all methylated H3 forms significantly increases after 2 hr of chase
(Figure 6E), and these signals were detected only in cells that are
not undergoing DNA replication, as evidenced by counterstain-
ing for PCNA (Figure 6F). We conclude that accumulation of
methylated H3 forms occurs after S phase.
TrxG and PcG Proteins Are Associated with Nascent
DNA In Vivo following the Passage of the RF
We also examined association of Trx, Pc, and E(z) with nascent
DNA labeled with EdU. As seen in Figure 7A, Trx, Pc, and E(z) are
detected on nascent DNA of cell-cycle 14–15 nuclei after EdU
incorporation for 5min. These results provide independent in vivo
confirmation of the results of the PLA and PCNA re-ChIP assays,
using a method that depends on their association with nascent
DNA, similar to the BrdU re-ChIP assay. CAA signals for associ-
ation of Trx, Pc, and E(z) with nascent DNA remained the same
for all chase times from 0–60 min (Figure 7B), suggesting that
there is no sensitivity problem at early labeling time points.
Thus, Trx, Pc, and E(z) are detected in vivo by CAA long after
the passage of the RF. Taken together with the results of the
re-ChIP assays and PLA assays, this suggests that Trx, Pc,
and E(z) are retained at their response elements during the
passage of the DNA replication complex and remain stably asso-
ciated with nascent DNA throughout the S phase. The existence
of replication factories may be why we observe relatively fewCell 150, 922–933, August 31, 2012 ª2012 Elsevier Inc. 929
Figure 7. Trx, Pc, and E(z) Are Associated with Nascent DNA
throughout S Phase
(A) PLA signals in red resulting from CAA between EdU and Trx, Pc, and E(z).
Gastrulating embryos were labeled with EdU for 5 min. Following the PLA
reaction, embryos were immunostained for EdU (green). Only red channel is
shown on the top.
(B) Pulse-chase CAA for Trx, Pc, and E(z). Gastrulating embryos were pulse-
labeled with EdU for 10 min, washed extensively to remove EdU, and kept for
0, 30, and 60 min prior to fixation. PLA signals in red between EdU and the
proteins indicated to the left. Following the PLA reaction, embryos were
immunostained for EdU (green).
(E) A model for the reconstitution of chromatin structure during DNA replica-
tion. MP, maintenance proteins (TrxG and PcG); RF, replication fork. Note that
full nucleosomes may not be assembled immediately after passage of DNA
polymerase.signals per nucleus in the CAA assay. This observation has been
made by others who used standard immunohistochemical
approaches or PLA to detect replication proteins (Hervouet
et al., 2010).
DISCUSSION
The key logical problem that has prevented identification of
epigenetic marks is the difficulty of distinguishing effects on
transcriptional regulation from heritable effects. Any change to
transcriptional regulation will affect inheritance, and vice versa.
Reasoning that any protein or PTM that is not stable to replica-
tion is unlikely to be the epigenetic mark, we have focused on
identification of proteins or PTMs that are stable to DNA replica-
tion. To do so, we asked what proteins or PTMs are closely930 Cell 150, 922–933, August 31, 2012 ª2012 Elsevier Inc.associated with the RF based on association with proteins found
near the RF, using PLA to assess in vivo protein-protein interac-
tions and re-ChIP to examine protein associations on specific
nascent DNA sequences. To examine events at longer distances
from the RF, we have investigated protein and PTM association
with nascent DNA labeled with EdU or BrdU using CAA or
reverse re-ChIP to ensure that we were looking at protein-DNA
interactions rather than transient interactions with the replication
machinery. Together, these approaches give consistent, repeat-
able results, allowing us to assay events at different distances
from the RF.
The results of PLA assays show that unmodified H3 and
H4K5Ac are in close proximity to PCNA and CAF-1, but
H3K4me3 and H3K27me3 are not (Figure 2), agreeing with our
results from re-ChIP with PCNA. Electron micrographs of repli-
cation bubbles from cleavage-stage Drosophila embryos show
less than 200 bp of nucleosome-free DNA adjacent to the RF
on one strand and on the other strand show partial nucleosome
assembly very close to the RF (Kriegstein and Hogness, 1974).
These micrographs, together with our observation that 70% of
DNA fragments after sonication are less than 200 bp, suggest
that the majority of the histones we detect in re-ChIP assays
with PCNA are associated with DNA. However, we cannot rule
out the possibility that we are examining protein-protein and
protein-DNA interactions in the PLA assays, as we may detect
small amounts of histones that are associated with CAF-1 prior
to deposition rather than histones bound to nascent DNA.
It is possible that parental-modified H3 forms are recruited to
nascent DNA with some delay. This would not be detected in our
re-ChIP experiments because the fragment sizes are short.
Therefore, we developed the CAA assay to detect direct associ-
ation of modified histones on much larger fragments of nascent
DNA in vivo. Surprisingly, we do not detect H3K4me3 and
H4K27me3 PTMs for at least 30 min after passage of the RF
and detect the first clear signal at 1 hr (Figure 6). This agrees
with our observation that H3K4me3 and H4K27me3 are present
at low amounts at the cellular blastoderm (Figures 1A and 1C)
or are undetectable in S phase during gastrulation (Figures 6E
and 6F). Taken together, the results of CAA, PLA, and re-ChIP
suggest that methylated H3 forms are not associated with
nascent DNA from the time of the passage of the RF to the end
of the S phase. This is in contrast to unmodified H3, which is
easily detected by re-ChIP and CAA on nascent DNA of any
size (Figures 6D and 6E).
Our data suggest that in embryos, CAF-1 may deposit acety-
lated histones and unmodified H3 but does not transfer parental
H3K4me3 and H3K4me27 to nascent DNA soon after replication
as proposed (Corpet and Almouzni, 2009). In yeast, experiments
in which parental histones can be distinguished from de novo-
synthesized histones show that parental histones are deposited
within 400 bp of their original locations (Radman-Livaja et al.,
2011). These experiments did not consider PTMs or timing of
deposition but make the important point that if parental histones
retaining PTMs are deposited at a different location on nascent
DNA, then these would be ‘‘epi-mutations’’ because the same
mark would be at a different location. Considering the yeast
and our data, we propose that parental histones are dissociated
from parental DNA, lose their trimethyl PTMs, and are then
transferred to nascent DNA along with the newly synthesized
histones. This suggestion is consistent with earlier results
showing that methylation of lysines 9 and 27 of histone H3 is
lost during DNA synthesis (Gullerova and Proudfoot, 2008;
Herna´ndez-Mun˜oz et al., 2005), and that most histone methyla-
tion occurs after deposition (Loyola et al., 2006).
Together our results suggest that in embryos, trimethylated
parental histones are not transferred to nascent DNA and that
trimethylation of H3K4 and H3K27 occurs after deposition, and
they support the previous suggestion that trimethylation of
bound, unmodified H3 is regulated (Scharf et al., 2009). These
data suggest that H3K4me3 and H3K27me3 are unlikely to be
epigenetic marks in Drosophila embryos.
In contrast to methylated histones, we detect Trx, Pc, and E(z)
associated with PCNA in PLA and re-ChIP assays and stably
bound to labeled nascent DNA in CAA assays and re-ChIP
assays with BrdU. Our results show that Trx, Pc, and E(z) are
stable to DNA replication and are constitutively associated with
nascent DNA through the S phase, consistent with previous
observations that Psc and Pc are stable to replication in an
SV40 in vitro replication system (Francis et al., 2009). Stability
to DNA replication and the ability to restore the structure of chro-
matin required for transcriptional regulation are prerequisites for
any putative epigenetic mark. Thus Trx and E(z) fulfill these
criteria for epigenetic marks, although functional analysis will
be needed to confirm this suggestion. MEs have been proposed
to be ‘‘cellular memory modules’’ because they are sufficient to
retain gene-expression pattern (Cavalli and Paro, 1998). The
observation that Trx, E(z), and Pc are retained at the ME after
DNA replication supports the model that MEs are cellular
memory modules and is consistent with the possibility that these
proteins could be epigenetic marks. However, our observations
do not rule out the possibility that other proteins not tested in
these experiments are epigenetic marks.
Our data imply that Trx, Pc, and E(z) remain bound or rapidly
rebind to nascent DNA in the absence of trimethylated histones.
There are many reports of trimethylated histone-independent
binding of PcG proteins and of MLL1 (Francis et al., 2009; Pu-
schendorf et al., 2008; Tavares et al., 2012; and see Henikoff
and Shilatifard, 2011 for a recent review). Our data do not
preclude a role for modified histones in binding of PcG and
TrxG proteins during transcriptional regulation but suggest that
their retention on nascent DNA does not require trimethylation
inDrosophila embryos. A recent report shows that in mammalian
cell lines, EZH2 associates with PCNA and DNA labeled with
BrdU for 5 min, that H3K27me3 is needed to propagate tran-
scriptional repression at a reporter locus, and that H3K27me3
is required for recruitment of PRC2 in interphase in mammalian
cells (Hansen et al., 2008). However this paper did not directly
assay the role of H3K27me3 for recruitment of EZH2 in S phase.
It is possible that chromatin assembly in Drosophila embryos
differs from that in mammalian cells.
The mechanism of retention of Trx and Pc during DNA replica-
tion requires association with the ssDNA following unwinding by
DNA helicase and transfer from the ssDNA to the nascent dsDNA
following passage of the DNA polymerase. The preSET domains
of Trx and E(z) bind very tightly to ssDNA (Krajewski et al., 2005),
thus providing a plausible explanation for retention of theseproteins on the ssDNA found immediately downstream of heli-
case (Figure 7C). It is not known how TrxG and PcG proteins
are transferred to nascent DNA. Stable association of the core
components of the PRC1 PcG complex, including Pc, with repli-
cating SV40 DNA in vitro may occur by mass-action (Francis
et al., 2009). Alternatively, Trx, Pc, and E(z) may be retained on
replicating DNA by transient interaction with components of
the DNA replication complex.
Our results suggest that the appropriate amounts of Trx and
Pc are replenished late in the S phase or in the interphase (Fig-
ure 5C), but the mechanism remains unknown. One possibility
is that this may occur through interactions between these
proteins themselves, for example through dimerization of the
SET domain of Trx that we have demonstrated previously (Ro-
zovskaia et al., 2000). Interestingly, Trx binding can withstand
assembly of nucleosomes and interferes with the formation of
regular nucleosomal arrays (Krajewski et al., 2005). Thus, Trx
may specify a particular nucleosome structure in the MEs. This
is a likely possibility given the recent discovery of a specific
nucleosome that associates with Gal4 at its binding sites. Impor-
tantly, this complex works as a barrier that is essential for estab-
lishing specific chromatin architecture of the region surrounding
Gal4-binding sites (Floer et al., 2010).
PRC2 activity is cell cycle regulated (Hansen et al., 2008; Ka-
neko et al., 2010). Several authors have examined retention of
PcG and TrxG proteins in mitosis with varying results (Buchenau
et al., 1998; Dietzel et al., 1999; Fanti et al., 2008; Fonseca et al.,
2012). Our results suggest that in future it will be interesting to
monitor DNA binding and enzymatic activity of PcG and TrxG
proteins to determine how epigenetic marks are propagated in
G2 and M phases of the cell cycle.
We propose a model for the reconstitution of chromatin struc-
ture during DNA replication in Drosophila embryos (Figure 7C).
We suggest that Trx, Pc, and E(z), and likely other TrxG and
PcG proteins, are stably associated with their response
elements during the progression of the RF, potentially through
direct interactions with components of the DNA polymerase
complex. Importantly, the stability of the TrxG and PcG proteins
during replication ensures sequence specificity in association of
these proteins with their response elements after replication.
During replication, methylated histones are rapidly replaced by
unmethylated histones. The continuous presence of histone-
modifying TrxG and PcG proteins may result in histonemodifica-
tion, leading to restoration of the specific chromatin structure
that allows either activation or repression of the target gene in
the corresponding cells.EXPERIMENTAL PROCEDURES
ChIP and re-ChIP
Approximately 1 ml of 2–12 hr staged wild-type strain Oregon R embryos were
crosslinked in fixing solution containing 2% formaldehyde. Nuclei were iso-
lated and sonicated to shear DNA to an average size of approximately
500 bp. Fragmented chromatin extract was diluted to the final volume of
1 ml and was divided for ChIP and re-ChIP experiments: 5–10 ml of material
were used for ChIP with each antibody, and all remaining material was used
for re-ChIP experiments. In re-ChIP experiments, precipitated complexes
were eluted by incubation for 30 min at 37C in TE buffer containing 10 mM
DTT and 0.05% SDS. Five percent of material was removed, crosslinks wereCell 150, 922–933, August 31, 2012 ª2012 Elsevier Inc. 931
reversed, and DNA purified to serve as a second input or as material for S1
nuclease treatment (see Extended Experimental Procedures). The remaining
material was subjected to the second ChIP procedure with different anti-
bodies. Immunoprecipitated chromatin was assayed by real-time PCR. Anti-
bodies, a list of primers used, and other details of these procedures are
described in the Extended Experimental Procedures.
EdU Labeling of Drosophila Embryos
For EdU (5-ethynyl-20- deoxyuridine) incorporation, staged embryos were
dechorionated and permeabilized by incubation in octane. Embryos were
transferred to Schneider’s Drosophila medium with 250 mM EdU (Invitrogen)
for 5–10 min, washed, and fixed in 10% formaldehyde using standard proce-
dures. EdU-labeled embryos were subjected to a ‘‘click-iT reaction’’ using
Click-iT Cell Reaction Buffer Kit (Invitrogen) to attach biotin to EdU. Embryos
were then incubated with mouse anti-biotin antibody for PLA assays and/or
immunostaining.
BrdU Labeling of Drosophila Embryos
One milliliter of 2–5 hr AEL embryos were dechorionated and homogenized
gently with a Teflon pestle in 10 ml of Schneider’s Drosophila medium. Cells
were incubated with 50 mM BrdU (Sigma) for 20 min, washed, and fixed in
1% formaldehyde. Cells were sonicated to shear DNA to an average size of
approximately 500 bp and used for first IP with antibodies to TrxG or PcG
proteins. Following IP, DNA was purified and used for sequential IP with
BrdU antibody followed by PCR (for details, see Extended Experimental
Procedures).
Immunostaining of Drosophila Embryos
Whole-mount embryos were double-immunostained using standard proto-
cols. The primary antibodies and their dilutions are described in the Extended
Experimental Procedures.
PLA
Fixed embryos were incubated with primary antibodies as for immunostaining
of embryos. The PLA assay was performed according to manufacturer’s
instruction (Olink Bioscience): after incubation with primary mouse and rabbit
antibodies, secondary antibodies with conjugated oligonucleotides (PLA
probes MINUS and PLUS) were incubated for 1 hr. This was followed by addi-
tion of ligase and two oligonucleotides that hybridize to the two PLA probes
and join them into a closed circle if they are in close proximity. Subsequently,
PCR amplification solution containing fluorescent-labeled oligonucleotides
that hybridize to the rolling circle amplification product was added. After
PLA reactions, PCNA or EdU were detected in embryos by incubation with
FITC-conjugated anti-mouse antibody.
Chromatin Assembly Assay
Edu-labeled embryos were subjected to Click-iT to add biotin to the EdU as
described above, washed, and incubated with mouse monoclonal anti-biotin
antibody and the rabbit antibody of interest. This was followed by the PLA
reaction as described above. After PLA reactions, EdU was detected in
embryos by incubation with FITC-conjugated anti-mouse antibody.
Dot Blot and Western Blot
Details of antibodies and procedures are given in the Extended Experimental
Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures and
five figures and can be found with this article online at http://dx.doi.org/
10.1016/j.cell.2012.06.046.
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